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ABSTRACT 


Ambient  temperature  tensile  yielding,  flow,  and  fracture  behavior  have 
been  correlated  with  interface  micro structure,  matrix  substructure  and 
fracture  morphology  in  lamellar  A1-CuA12  of  small  lamellar  spacing  (^2u). 

To  examine  structural  stability,  and  the  effect  of  structural  change  on 
deformation  behavior,  composites  were  subjected  to  temperatures  in  the 

range  °*93Tputectic  t0  0,98TEutectic  for  penods  UP  to  100  hours  pnor  t0 
testing. 

Elevated  temperature  exposure  does  not  t  :use  any  significant  changes 
in  stage  I  modulus,  tensile  yield  point  at  the  end  of  stage  I,  tensile 
strength  or  fracture  behavior.  Linear  work-hardening  of  the  composite  in 
stage  II  is  observed  after  elevated  temperature  exposure  but  not  in  the 
directionally  solidified  condition.  Physicochemical  instability  is 
reflected  in  a  coarsening  of  the  microstructure  and  facetinq  of  the  CuAl2 
intermetallic;  the  lamellae  remain  aligned  in  the  growth  direction. 

Tensile  strength  in  the  directionally  solidified  condition  can  be 
predicted  from  the  rule-of-mixtures  provided  the  true  1 in-situ*  flow  stress 
of  the  aluminum  solid  solution  and  an  'effective'  volume  fraction  for  the 
reinforcing  phase  CuA12  are  used.  Differences  in  the  work-hardening 
behavior  are  attributed  to  differing  initial  and  deformation  substructures 
of  the  ductile  phase  in  the  directionally  solidified  condition  and  following 
elevated  temperature  exposure.  Premature  transverse  cleavage  of  CuAl2 
lamellae  produces  microvoids  which  then  coalesce  due  to  shear  or  tensile 
failure  of  the  ductile  phase  adjacent  to  the  broken  lamellae. 
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TABLES  AND  FIGURES 


I.  INTRODUCTION 


Since  the  phases  of  a  directionally  solidified  eutectic  composite 
are  essentially  in  chemical  equilibrium,  the  microstructure  should 
be  stable  at  elevated  temperatures.^  Observations  on  a  number  of 
systems  attest  to  the  generality  of  this  phenomenon;  thermal  stability 
has  been  demonstrated  in  Al-CuAlg,^*3^  Al-Al^Ni,^4”^  Ni-Ni^Nb,^' 
Ni-N13T1,(12)  CoAl-Co,(13)  Cd-Zn,(14)  and  Fe-Cr-Nb.(15)  However, 
eutectic  composites  are  characterized  by  a  large  total  interfacial 
area  which  may  promote  physicochemical  instability/4*^  The  total 
Interfacial  energy  per  unit  volume  can  be  reduced  by  coarsening  of 
the  structure,  by  the  growth  of  existing  lower-energy  interfaces  at 
the  expence  ol  existing  higher-energy  interfaces,  or  by  the  formation 
of  new  lower-energy  interfaces  at  the  expence  of  existing  interfaces.^ 
Physicochemical  instability  .is  most  pronounced  at  temperatures 
>  0.9  TEutect^c  but  the  coarsening  of  the  structure  does  not  lead 
to  significant  changes  in  either  the  composition  or  amount  of  each 
phase  in  the  composite. 

In  the  present  study,  attention  is  directed  to  the  effects  of 
physicochemical  Instability  and  the  associated  structural  changes 
on  the  ambient  temperature  mechanical  behavior  of  lamellar  Al-CuA^. 

A  detailed  correlation  is  made  of  tensile  yielding,  flow,  and  fracture 
with  Interface  microstructure,  matrix  substructure  and  fracture 
morphology.  Previously,  Graham  and  Kraft^  monitored  the  crystallo¬ 
graphy  and  kinetics  of  the  coarsening  process  in  this  composite  by 
c  .*ans  of  x-ray  diffraction  and  quantitative  optical  metallography. 


Takahashi  and  Ashinuma^)  made  in-situ  observations  on  electron- 
transparent  foils  of  Al-CuAl?  at  temperatures  up  to  the  euteccic 
(548°C).  Butcher  et  attributed  the  spheroidization  of  the 

lamellar  structure  under  stress  at  elevated  temperature  (300°C  and  500°C) 
to  a  combination  of  diffusion  and  plastic  flow.  The  possible  relation¬ 
ships  between  coarsening  and  changes  in  mechanic'!  behavior  have  not 
been  examined. 

H.  EXPERIMENTAL  PROCEDURE 

A.  Cn)wth  of  Eutectic  Composites; 

Eutectic  alloys  were  prepared  from  high-purity  aluminum  and 
copper.  Homogenization  and  directional  solidification  were  carried 
out  in  a  vertical  graphite  crucible  (induction  heating)  under  a  dy¬ 
namic  argon  atmosphere.  Growth  rates  in  the  range  7-11  on  per  hour 
gave  a  lamellar  structure  (spacing  <  2y)  with  two  or  three  grains 
in  the  0.5in.  dia.  cross-section. 

B.  Elevated  Temperature  Exposure: 

To  assess  elevated  temperature  structural  stability,  the  as-grown 
composites  in  the  form  of  tensile  specimens  (section  C)were  subjected 
to  temperatures  of  490°C,  510°C,  or  530°C  for  times  in  the  range 
10-100  hours  in  a  dynamic  argon  atmosphere.  Since  T£Utectic  *s  5*>8°c» 
these  correspond  to  homologous  temperatures  of  0.93TE>  0.95TE,  and  0.98TE 
respectively.  After  exposure,  specimens  were  furnace-cooled  to  ambient 
temperature  in  order  to  minimize  reslduai  stresses,  and  to  avoid  any 
solution-treatment  of  the  aluminum  solid  solution  phase. 
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C.  Mechanical  Testing: 


Two  flat  sl'bs  (1 .75“  x  0.35"  x  0.09”)  were  cut  from  each  ingot 
by  means  of  a  wc.  r-cooled  diamond  slitting  wheel.  Tensile  specimens 
(gauge  length  0.5",  width  0.24",  thickness  *0.09”,  shoulder  radius 
0.1")  were  then  ground  from  the  slabs  using  a  contoured  wheel.  After 
electropolishing,  SR-4  strain  gauges  were  attached  to  the  broad-faces 
■'f  the  oaUv,s  section.  Tensile  tests  were  performed  in  a  standard 
*.trc^  mat  ir-  4  a  cross-head  speed  of  0.002"  min."^  The  dynamic 

(19) 

cdulus  0-*  composite  wa  determined  by  the  resonance  technique. 

D.  Metallography: 

.omposite  structures  were  characterized  before  and  after  tensile 
deformation  in  the  directionally  solidified  condition  and  following 
elevated  temperature  exposure.  A  combination  of  optical  metallography, 
electron  fractography,  transmission  electron  microscopy  (TEM)  and 
scanning  electron  microscopy  (SEM)  was  utilized. 

Following  standard  procedures  including  vibratory  polishing, 
specimens  for  optical  metallography  were  etched  in  Keller's  reagent 
which  darkens  the  CuA^  phase.  In  order  to  delineate  cracks  In  the 
CuA^  phase,  it  was  necessary  to  etch  1r  a  solution  of  5  drops  of  HF, 

10  drops  of  HNOp  3ml.  lactic  acid  and  80ml.  water. No  surface  pre¬ 
paration  was  required  for  the  examination  of  fracture  surfaces  in  the  SEM 
(JSM-2).  Ordinarily  fractures  were  viewed  in  the  secondary  electron 
image  mode.  In  light  of  the  limiting  resolution  of  the  SEM  (~200°A), 
it  was  found  to  be  advantageous  to  prepare  replicas  from  fracture  sur¬ 
faces  of  composites  in  the  directionally  solidified  condition.  A  two- 
stage  technique  was  followed  which  gave  a  final  surface  replica  of 


f- '■■  v.'^Vz-'i' ->*~;C^- ;*■*-'■. '. 


■  Vvi.-, 
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silicon  monoxide  shadowed  with  germanium. s  ' 

For  TEM  (JEM-120)  slices  “0.090"  x  “0.090"  x  “0.040"  were  cut 
from  the  composite  wHh  a  diamond  slitting  wheel.  Cuts  were  oriented 
relative  to  the  growth  direction  to  give  transverse  sections  (perpen¬ 
dicular  to  the  direction  of  growth)  or  longitudinal  sections  (parallel 
to  the  direction  of  growth).  Electron-transparent  specimens  were  then 

prepared  from  each  slice  by  means  of  a  combined  jet-polishing  and  final 
(221 

thinning  sequence. v  '  Typically,  electron-transparent  areas  were 
“0.10"  from  the  actual  fracture  surface. 


III.  EXPERIMENTAL  OBSERVATIONS 


A.  Tensile  Behavior; 

Representative  engineering  stress-strain  cjrves  for  lamellar 
composites  grown  at  9cm  per  hour  are  illustrated  in  figure  1.  No 
necking  was  observed  prior  to  fracture.  From  the  dynamic  resonance 
measurements  and  the  initial  slope  of  each  stress-strain  curve,  it 
is  concluded  that  Young's  modulus  is  not  affected  by  prior  elevated 
temperature  exposure. 

In  the  directionally  solidified  condition,  there  is  a  gradual 
transition  from  stage  I  (in  which  the  aluminum  rich  solid  solution  phase  (a) 
and  the  CuAl^e)  intermetallic  both  deform  elastically)  to  stage  II 
(e  still  elastic  but  the  a  phase  plastic).  Work-hardening  of  the 
composite  is  a  function  of  strain.  In  contrast,  stress-strain  curves 
after  elevated-temperature  exposure  were  always  found  to  give  a  dis¬ 
tinct  change  in  slope  at  the  end  of  stage  I,  and  a  work-hardening  rate 
in  stage  II  that  is  independent  of  strain. 
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Tensile  properties  of  the  lamellar  composites,  with  or  without 
prior  elevated  temperature  exposure,  are  sunmarized  in  table  I.  It 
is  clear  that  the  elevated  temperature  exposure  has  not  brought  about 
any  significant  decrease  in  yield  and  tensile  strength  or  strain  to 
fracture.  This  is  both  interesting  and  important  in  light  of  the 
accompanying  coarsening  of  the  lamellar  structure,  section  B.  The  re¬ 
lative  invariance  of  strength  with  exposure  is  further  illustrated  in 
figure  2. 


I 

1 
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B.  Composite  Structure: 

( i )  Directionally  Solidified  Condition 
Optical  micrograph?,  of  longitudinal  and  transverse  sections 
are  compared  in  figure  3.  The  lamellar  or  transverse  faults  TF  in 
figure  3(b) ,  and  the  longitudinal  faults  in  figure  3(a)  constitute  a 
local  breakdown  of  the  lamellar  structure  due  to  variations  in  growth 
conditions.  Typical  TEM  substructures  in  both  planar  and  faulted  re¬ 
gions  of  transverse  sections  are  illustrated  in  figure  4.  A  detailed 
analysis  of  these  faults,  interface  dislocations,  and  low  angle  grain 
boundaries  has  been  made  elsewhere.'  "  1  Dislocations  in  the  a  phase 

in  the  vicinity  of  the  interface  are  attributed  to  the  presence  of  residual 
(thermal)  stresses. 

( i 1 )  Following  Elevated  Temperature  Exposure 
Structural  changes  accompanying  elevated  temperature  exposure 
are  shown  in  figure  5.  The  coarsening  is  initiated  at  faulted  regions, 
figures  5(b)  and  5(c).  Though  spheroidized  after  100  hours  at  530°C, 
longitudinal  sections  show  that  the  structure  remains  aligned  essentially 
parallel  to  the  direction  of  growth,  figure  6. 
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A  more  detailed  picture  of  the  coarsening  processes  is  gained 
from  the  TEH  study;  representative  micrographs  following  exposure  at 
530°C  are  shown  in  figures  7  and  8.  These  observations  confirm  that 
coarsening  initiates  at  faulted  regions  such  as  terminal  lamellae 
and  show  that  the  0  platelets  recede  from  the  original  fault  line  with 
an  accompanying  thickening  of  adjacent  0  platelets, figure  7(a).  The 
preferred  crystallography  of  the  two  phases  is  not  altered  during 
coarsening  and  low-angle  tilt  boundaries  are  preserved  in  order  to 
maintain  the  original  misorientations  at  the  faults.  In  figure  7(c), 
the  receding  e  platelet  carried  the  low-angle  boundary  along  with  it. 

After  100  hours  at  530°C  the  structure  spheroidizes  and  faceting  of  the 
e  phase  is  observed.  Figures  8(a)  and  8(b)  compare  the  form  of  terminal 
lamellae  before  and  after  elevated  temperature  exposure.  SEM  of 
fracture  surfaces  confirms  these  microsturctural  features  of  the  coarsen¬ 
ed  structure  and  also  illustrates  the  increased  contiguity  of  the  e 
intermetal lie,  section  c. 

The  dislocation  substructure  in  the  a  phase  is  relatively  uniform, 
figure  7.  However,  in  comparison  to  the  directionally  solidified 
condition  (figure  4),  the  dislocation  density  is  significantly  higher 
(figure  7).  This  higher  dislocation  density  following  elevated  tempera¬ 
ture  exposure  is  tentatively  attributed  to  plastic  flow  of  the  a  phase 
cn  slow  cooling  in  order  to  relieve  residual  stress.  There  is  no  evidence 
of  incoherent  precipitation  -jn  the  a  phase. 

(ill)  Deformation  Substructure 

Representative  micrographs  of  the  deformation  substructure 
in  the  a  phase  of  transverse  sections  cut  from  directionally  solidified 
composites  tested  to  failure  are  illustrated  in  figure  9.  Similar  dis¬ 
location  configurations  are  present  in  longitudinal  sections. 
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Pattnaik  and  Lawleyv  '  observed  this  form  of  deformation  substructure 
in  the  compressive  loading  of  Al-CuA^. 

Examples  of  the  deformation  substructure  in  composites  tested 
to  failure  following  elevated  temperature  exposure  are  given  in 
figure  10.  A  uniformly  high  dislocation  density  is  developed  in  the 
a-phase;  this  is  in  contrast  to  the  pseudo-cell  structure  present  in  the 
a-phase  of  composites  deformed  in  the  directionally-solidified  condition, 
figure  9.  The  interaction  of  glide  dislocations  in  the  a-phase  with 
ir.terfacial  dislocations  is  seen  in  figures  10(b)  and  10(c).  Glide  and 
interface  dislocations  could  be  differentiated  by  changing  the  conditions 
for  diffraction  contrast. 

C.  Fracture  Morphology: 

In  tension,  composite  fracture  surfaces  are  approximately  per¬ 
pendicular  to  the  axis  of  loading.  The  microstructure  in  longitudinal 
sections  close  to  the  fracture  surface  i?  illustrated  in  figure  li. 

Directionally  solidified  composites  exhibit  transverse  cleavage 
of  e  lamellae  either  at  random  or  at  a  location  of  stress  concentra¬ 
tion  e.g.  adjacent  to  a  broken  6  platelet,  figure  11(b).  Crossman  et  al 
have  shown  that  cleavage  of  the  o  lamellae  begins  in  stage  II  and  is 
due  to  a  specturm  of  strength  levels  of  the  lamellae.  The  density  of 
broken  lamellae  as  a  result  of  premature  cracking  is  not  uniform 
throughout  the  composite;  however,  ir.  the  immediate  vicinity  of  the 
fracture  surface,  broken  lamellae  are  always  seen,  figure  11(a). 

Void  coalescence  then  occurs  either  by  matrix  shear  or  by  matrix  necking, 
figure  11 (a). 

Elevated  temperature  exposure  does  not  alter  the  mode  of  initiation 
or  propagation  of  fracture,  figure  11(c)  and  11(d),  although  the  incidence 
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of  matrix  shear  between  broken  e  lamellae  is  rare.  Cracking  is  observed  at 
points  of  weakness  in  the  coarsened  structure,  for  exarmfle  at  cross-sectional 
minima  in  the  e  platelets,  figure  11(d). 

Electron  fractography  and  SEM  confirm  these  structural  characteristics  of 
the  fracture  process.  Representative  electron  fractographs  (from  two-stage 
replicas)  of  the  composite  in  the  directionally  solidified  condition  are 
compared  in  figure  12.  Transverse  cleavage  of  e  platelets  and  necking  of  the 
a-phase  to  a  knife  edge  is  illustrated  in  figure  12(a).  An  example  of  trans¬ 
verse  cleavage  followed  by  shear  of  the  a-phase  is  seen  in  figure  12(c). 
Cleavage  steps  on  the  e  phase  can  also  be  observed  in  some  areas  of  the 
fracture  surface,  figure  12(b).  The  specific  surface  detail  on  the  CuAl^ 
phase  is  probably  a  function  of  the  orientation  of  the  8  platelets  relative 


3 
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? 
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to  the  local  path  of  fracture. 

Fracture  surfaces  of  the  coarsened  lamellar  structure  were  amenable  to 
direct  observation  in  the  SEM,  figure  13.  In  figure  13(a)  cleavage  of  the 
9  lamellae  is  accompanied  by  necking  of  the  a-phase  to  a  knife-edge  profile; 
this  micrograph  also  shows  the  prior  recession  of  6  platelets  from  the 
original  fault  line.  Coarsening  leads  to  bridging  of  the  0  lamellae  and 
enhanced  contiguity  of  the  brittle  intermetallic  phase,  figures  13(b)  and 
13(c).  In  this  coarsened  structure,  the  crack  can  propagate  to  adjacent 
lamellae  via  the  bridges.  Garmong  and  Rhodes^6)  observe  a  similar  mode  of 
failure  in  the  ternary  Al-Cu-Mg  eutectic  composite;  the  brittle  CuMgA^  inter- 
metallic  fails  ;:t  weak  points  at  low  levels  of  strain. 
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IV.  DISCUSSION 


A.  Composite  Properties  in  the  Directionally  Solidified  Condition: 
(i)  Stage  II  Behavior 


(27) 

On  the  basis  of  the  rule-of-mixtures,v  '  the  slope  of  the 


stress-strain  curve  of  the  composite  in  stage  II  is  given  by: 


do> 


Ec<n> 2  e9v6  +  <£>„  0  -  V 


(i) 


where  Ec(II)  ‘’•s  the  secondary  modulus  of  elasticity  of  the  composite 


Eg  is  the  Young’s  modulus  of  the  e  inter-metallic 


Vn  is  the  volume  fraction  of  the  Q  inter-metallic 
0 


rdo. 


((iPa  s^°Pe  the  ““Phase  (matrix)  stress-strain  curve  in  the 


uncombined  state  at  the  appropriate  level  of  strain  in  stage  II. 


(25) 


In  the  Al-CuAl2  binary  eutectic,  Vg  =  0.475  and  E0  has  been  determined1 "  '  as 


14.4  x  10^  psi.  The  value  of  (do/dcj^  is  not  precisely  known  but  is  ^5  x  104 


psi.  Thus,  (do/dc)a«  E0  and  equation  (1)  can  be  approximated  to  the  form: 


Ec<n>  *  EeV0 


(2) 


The  calculated  value  of  EC(II)  from  equation  (2)  is  6.85  x  10°  psi. 


However,  at  the  initiation  of  stage  II,  the  observed  modulus  (figure  1)  is 

,6 


5  x  10  psi.  Since  the  error  introduced  by  neglecting  the  second  term  in 
equation  (1)  is  small,  the  discrepancy  between  the  calculated  and  observed 
values  of  the  secondary  modulus  Ec ( I I )  must  reside  in  the  parameter  V0. 
Specifically,  the  result  implies  that  the  effective  volume  fraction  of  tne 


reinforcing  phase  e  is  lower  than  that  calculated  from  the  phase  diagram 


(20) 


Using  the  observed  modulus  (5  x  10°  psi)  in  equation  (2)  and  taking  E0  as 


14.4  x  10  psi,  the  effective  value  of  Vn  is  0.346;  this  is  compared  to  the 

0 


VQ  of  0.475  from  the  phase  diagram. 
0 


m 


\  * 
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In  order  to  explain  observed  strength  levels  in  the  Ag-Ge  eutectic 

/  281 

composite,  Krummheuer  and  Alexander'  '  introduce  the  concept  of  an  effective 
volume  fraction  for  the  reinforcing  phase  in  stage  II.  The  effective  volume 
fraction  is  less  than  the  actual  volume  fraction  in  stage  II  deformation  since 
over  the  transfer  length,  the  reinforcing  phase  is  not  aole  to  carry  as  much 
load  as  the  rest  of  the  reinforcement  length.  In  constrast,.the  transfer  length 
in  stage  I  is  much  smaller  than  in  stage  II  so  tiiat  V.( effective)  ~  Vn(actual). 

( i i )  Strength  Level 

Lamellar  composites  grown  at  a  rate  of  9cm  per  hou-  exhibit 

tensile  strengths  ^36,000  psi.  The  lower  strengths  obtained  in  composites 

grow*  at  11cm  per  hour  (table  I)  are  attributed  to  structural  irregularities, 

Drimarily  variations  in  the  thickness  of  the  0  platelets.  This  is  probably 

a  consequence  of  the  inherent  low  value  of  the  ratio  'temperature  gradient 

at  solid/liquid  interface:  solidification  rate 'in  the  crystal  growing  unit. 

Under  the  appropriate  conditions  for  growth,  and  with  the  .:voi*;ance  of 

major  structural  irregularities,  the  tensile  strength  of  lanel'ar  Al-CuAl^ 

(29l 

increases  with  increasing  solidification  rate.'  ' 

An  accurate  prediction  of  the  tensile  strength  of  the  -oir.r)site  is 
possible  from  the  rule-of-mixtures  provided  the  effective  volu-v  fraction 
of  the  reinforcing  phase  and  the  true  'in-situ'  flow  stress  of  :hs  a-phase 
matrix  are  known. 

The  form  of  the  rule-of-mixtures  equation  is  then: 

°c(UTS)  =  °e(UTS)  VEff)  +  °1(1  "  VEff))  O) 


iigS^itogaB 


*^y&z£3k-?  v«r, 


where  o  (UTS)  is  tiie  ultimate  tensile  strength  of  tne  composite. 

o.  is  the  strength  of  the  CuAl .  intermetallic  at  the 
fracture  strain  of  the  composite. 

V0(Eff)  is  the  effective  volume  fraction  of  the  .uA^- 

0*  is  the  ‘in-situ1  flow  stress  of  the  matr  x  at  the  fracture 

3 

strain  of  the  composite. 

From  a  comparison  of  the  tensile  and  compressive  behavior  of  Al-CuAl^,  and 

taking  account  of  residual  stresses,  Pattnaik  and  Lawley'*'  '  have  shown  that 

a*  is~13,500  psi.  Assuming  elastic  behavior  of  the  e  phase  to  failure,  with 
a 

a  measured  failure  strain  of  0.55  (table  I),  o0(=  E0c^)  is  80,000  psi. 

Using  V0(Eff)  =  0.346  from  the  previous  section,  equation  (3)  gives  a 
composite  tensile  strength  of  36,400  psi.  This  is  in  good  agreement  with 
the  measured  strength  of  composites  in  the  directionally  solidified  condition 
grown  at  9cm  per  hour,  table  I. 

B.  Mechanical  Behavior  Following  Elevated  Temperature  Exposure: 

A  comparison  of  the  stress-strain  curves  in  figure  1  leads  to  the 
following  conclusions:  (i)  Young's  modulus  (stage  I)  and  the  stress  level  at 
the  end  of  stage  I  (i.e.  the  composite  yield  point)  are  not  affected  by  the 
prior  elevated  temperature  exposure;  (ii)  the  work-hardening  slope  in  stage 
II  is  a  function  of  strain,  cf.,  the  directionally  solidified  condition; 

(iii)  high  temperature  exposure  does  not  have  a  significant  effect  on  tensile 
strength,  figure  1  r-.nd  table  I. 

Retention  of  arbient  temperature  strength  following  elevated  temperature 
exposure  has  been  reported  in  Hb-ftt^C^^  and  Al-Al^Ni.^  In  the  latter  rod¬ 
like  structure,  exposure  conditions  (96  hours  at  0.96  T^)  were  similar  to  those 
selected  in  the  present  study.  Notwithstanding  the  difference  in  the  scale  of 
the  microstructure  before  and  after  exposure  (figures  3,  5,  and  6),  tne 
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direction  and  there  is  no  change  in  the  relative  proportions  of  each 
phase.  It  must,  therefore,  be  concluded  that  in  the  coarsened  condition 
the  integrity  of  the  interface  is  preserved  and  efficient  load  transfer 


to  the  reinforcing  phase  is  possible. 

Differences  in  work-hardening  behavior  in  stage  II  between  directionally 

solidified  composites  and  those  subjected  to  elevated  temperature  exposure 

can  be  discussed  qualitatively  in  terns  of  equation  (1).  For  EC(II)  to  vary 

with  strain  either  (da/de)  or  V„  must  be  strain  dependent,  where  V.  is  the 

a  o  o 

effective  volume  fraction  of  the  6  phase.  Of  these  possibilities  it  is 
considered  that  the  matrix  phase  a  is  responsible  and  that  V.(Eff)  is 
relatively  independent  of  strain  up  to  fracture.  The  reasoning  is  as 
follows:  After  10  hours  exposure  at  490°C,  the  composite  microstructure 


is  indistinguishable  from  that  in  the  directionally  solidified  condition. 

Yet  this  exposure  gives  rise  to  a  constancy  of  (d°/dE:)C0II)p  w1th  strain  in 

stage  II.  The  effect  of  the  elevated  temperature  exposure  followed  by  slow 

cooling  is  to  modify  the  dislocation  substructure  in  the  a-phase;  in  turn 

thi:‘  influences  work-hardening  behavior.  Specifically,  in  comparison  to  the 

directionally  solidified  condition  (figure  4),  the  dislocation  density  after 

exposure  is  significantly  higher,  figure  7.  Control  of  work-hardening  in 

stage  II  of  the  composite  by  the  hardening  characteristics  of  the  a-phase 

(311 

is  at  variance  with  conclusions  drawn  by  Hertzberg  et  alv  ’  on  A1-CuA12. 

The  slope  of  stage  II  was  attributed  to  premature  cracking  of  the  e  phase 
with  a  subsequent  inequality  of  strains  in  the  a  and  6  phases. 

The  increase  in  interlamellar  spacinq  due  to  elevated  temperature 
exposure  is  expected  to  decrease  the  ’in-situ'  strength  of  the  a-pnase.^25^ 
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Since  the  average  thickness  of  the  e  lamellae  also  increases,  the  strength 
of  the  e  phase  may  be  expected  to  decrease.  Retention  of  ambient  temperature 
strength  (figure  1,  table  I)  must  therefore  reflect  an  increase  in  the  flow 
stress  of  the  a  phase  cr*.  This  is  consistent  with  the  observed  high  dis¬ 
location  density  in  the  undeformed  a  phase  following  elevated  temperature 
exposure.  In  a  similar  manner,  the  increase  in  strength  of  A1 -A1 ^Ni  with 

cold  rolling  was  attributed  to  an  increase  in  the  flow  stress  of  the  aluminum 

(51 

solid  solution  phase.'  ' 

C.  Interface  Structure  and  Stability: 

In  the  directionally  solidified  condition,  deformation  substructure 
of  the  a  phase  (figure  9)  is  similar  to  that  for  compressive  loading. 

The  substructure  approximates  a  cellular  configuration  but  with  a  higher 
dislocation  density  at  the  interface  than  in  the  central  regions  of  the 
a  lamellae.  Associated  interface  dislocation  -  glide  dislocation  inter¬ 
actions  are  expected  to  result  in  a  high  'in-situ'  yield  stress  of  the 

a  phase,  as  observed  and  discussed  in  the  previous  study  of  Al-CuAl^  in 

(251  * 

compressive  loading.  ’  A  value  of  13500  psi  for  oq  in  equation  (3)  gave 

good  agreement  between  predicted  and  measured  composite  strength;  this  'in- 

* 

situ'  magnitude  of  gq  is  approximately  three  times  higher  than  that  of  an 
unconstrained  a  solid  solution. 

Tensile  deformation  of  composites  given  prior  elevated  temperature 
exposure  results  in  a  high  but  relatively  uniform  dislocation  density 
across  the  a  lamellae.  The  presence  of  interfacial  dislocations  in  the 
coarsened  structure  (figures  10(b)  and  10(c))  shows  that  semi-coherency 
is  not  oestroyed.  These  micrographs  provide  further  proof  of  interaction 
between  glide  dislocations  in  the  a  phase  and  'misfit'  dislocations  at  the 
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interface  between  the  a  and  e  phases.  As  discussed  in  the  previous  section, 
the  difference  in  substructure  (before  and  after  deformation)  between  the 
directionally  solidified  condition  and  that  following  elevated  temperature 
exposure,  is  believed  to  be  responsible  for  differences  in  work-hardening 
behavior  in  stage  II. 

1 2 

In  comparison  with  other  studies  on  Al-CuA’^i  the  results  of  this 

investigation  show  that  coarsening  proceeded  more  rapidly.  This  is  attributed 

to  .he  smaller  interlamellar  spacing  ( ^2u  as  compared  to  spacings  in  the 

range  5u  to  8y)  and  therefore  larger  interphase  area  in  our  composites. 

In  addition,  the  density  of  faulting  tends  to  increase  with  decreasing 

spacing  and  this  enhances  coarsening.  Prolonged  high  temperature  exposure 

leads  to  faceting  of  the  0  phase,  figure  8(b).  Since  faceting  results  from 

the  anisotropic  nature  of  interfacial  energy,  it  is  clear  that  the  inter~ 

faces  present  in  the  directionally  solidified  condition  are  not  necessarily 

those  of  minimum  energy.  Basically,  this  means  that  the  excellent  thermal 

stability  of  eutectic  composites  cannot  be  attributed  to  the  presence  of 

special  low-energy  interphase  interfaces.  Similar  conclusions  have  been 

1 9) 

drawn  by  Oaffrey  and  Chadwick'  '  for  coarsening  in  the  rod-like  Al-Al^Ni 
eutectic  composite. 


D.  Fracture  Mode: 

The  mode  of  fracture  of  Al-CuA^  is  similar  in  the  directionally 
solidified  condition  and  following  elevated  temperature  exposure.  In  stage  II 
deformation,  premature  cracking  of  e  platelets  leads  to  localized  void 
formation.  Cracks  also  appear  in  adjacent  e  lamellae  due  to  stress  concentra¬ 
tions.  Void  coalescence  to  macrocracks  involves  shear  of  the  n  phase  or  tensile 
necking  of  the  a  phase  between  0  lamellae,  figure  11(a).  Propagation  of  the 
unstable  crack  is  followed  by  necking  of  the  a  phase  to  a  knife  edge,  figure  12(a). 
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(32) 

Similar  surface  structures  have  been  ’eported  by  Cerbericlr  '  in  the  fracture 

of  notched  aluminum-stainless  steel  composites.  Premature  crackinp  of 

(20  31 ) 

e  lamellae  is  implicit  in  this  form  of  failure  mode.  *  •  The  observation 

of  breaks  in  the  e  platelets  well  away  from  fracture  surfaces  in  this  study 
is  proof  of  this  phenomenon;  these  have  been  shown  to  be  a  result  of  tensile 
deformation  and  are  not  present  in  the  as-grown  (directionally  solidified) 
condition.  Recent  studies  on  the  fracture  of  Al-CuAl0  .show  that  for  hion 

L. 

rates  of  solidification  (^85cm  per  hour  to  1000cm  per  hour)  premature 

(29  33) 

cracking  does  not  occur.  *  '  This  is  attributed  to  'whisker'  behavior 

of  the  fine  scale  8  lamellae. 

After  elevated  temperature  exposure  e  lamellae  are  interconnected  by 
bridging  (fiqure  13(b)),  or  by  coalescence.  Hence,  a  ciack  can  propagate 
readily  to  neighboring  lamellae  through  the  e  phase.  Optical  metallography 
reveals  the  premature  cracking  of  8  lamellae,  figures  11(c)  and  11(a). 

Cracking  is  observed  at  reduced  cross  sectional  areas  of  8  lamellae, 
figure  11(d),  however  the  total  number  of  cracks  in  a  given  area  is  similar 
to  that  after  deformation  in  the  directionally  solidified  condition. 


V.  SUMMARY  AND  CONCLUSIONS 

1.  Elevated  temperature  exposure  of  Al-CuA^  (490'JC  to  530°C  for  periods  up 
to  100  hours)  does  not  cause  any  significant  change  in  stage  I  modulus, 
tensile  yield  point  at  the  end  of  stage  I,  o-  tensile  strength. 

2.  Linear  work  hardening  of  the  composite  to  fracture  in  stage  II  is  observed 
after  elevated  temperature  exposure.  In  contrast,  work  hardening  is  a 
function  of  strain  in  the  directionally  solidified  condition. 


3.  Tensile  strength  in  the  directionally  solidified  condition  can  be 


predicted  from  the  rule  of  mixtures  if  the  *in-situ‘  flow  stress  of 
the  a  phase  and  an  effective  volume  fraction  for  the  e  reinforcement 
are  used. 

4.  Differences  in  work-hardening  behavior  are  attributed  to  differing 
initial  and  deformation  substructures  in  the  a  phase  in  the  direction- 
ally  solidified  condition  and  following  elevated  temoerature  exposure. 

5.  Physicochemical  instability  is  reflected  in  a  coarsening  of  the  micro¬ 
structure  but  the  lamellar  structure  remains  aliqned  in  the  growth 
direction.  Faceting  of  the  e  chase  is  observed  in  the  later  stages  of 
coarsening;  it  is  concluded  that  interfaces  in  the  directionally 
solidified  composite  are  not  necessarily  those  of  m'nimum  energy. 

6.  Tensile  failure  is  not  significantly  altered  by  elevated  temperature 
exposure.  Premature  transverse  cleavage  of  0  lamellae  produces  micro¬ 
voids.  Shear  or  tensile  failure  of  the  o  phase  between  broken  e 
lamellae  cause  void  coalescence  followed  by  the  propagation  of  un¬ 
stable  cracks. 
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Figure  1 

Representative  tensile  stress-strain  curves  for 
lamellar  Al-CuAlo  at  room  temperature  in  the 
directionally  solidified  condition  (DS)  and 
following  elevated  temperature  exposure;  growth 
rate  9cm  per  hour. 


Figure  2 

Effect  of  pHor  elevated  temperature  exposure  on  the  room  temperature  tens 

strength  of  lamellar  eutectic  Al-CuAl-. 


Figure  4 


Structure  of  directionally  solidified  composites  grown 
TEH  (a)  transverse  section;  (b)  transverse  section; 

grain  boundary,  6  =  CuAl0. 


at  9cm  per  hour 
LGB  =  low  angle 
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Figure  6 


Hi crostructure  of  Al-CuAl-  following  exposure  at  530°C  for  100  hours; 
lighter  phase  is  CuA12;  longitudinal  section. 


Figure  8 


TEH  illustrating  faceting  of  the  CuAl^  (0)  phase  (a)  transverse  section, 
directionally  solidified;  (b)  transverse  section  exposed  100  hours  at  530°C. 
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Figure  7 


TEM  showing  coarsening  in  Al-CuAl?;  transverse  sections;  (a)  10  hou 
at  530°C;  (b)  10  hours  at^530°C;  (c)  100  hours  at  530°C. 
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Figure  10 

Deformation  substructure  in  Al-CuAlp  following  elevated  temperature 
exposure  (100  hours  at  530°C);  transverse  sections. 


(c)  (d) 

Figure  11 


Longitudinal  sections  close  to  the  fracture  surface  of  Al-CuAl-iU)  and 
(b)  directionally  solidified  condition;  (c)  100  hours  at  490°C;  (d)  100 

hours  at  530°C. 


